Pathogenic yersiniae secrete a set of antihost proteins, called Yops, by a type III secretion mechanism. 
Pathogenic bacteria of the genus Yersinia (Y enterocolitica, Y pseudotuberculosis, and Y pestis) have a remarkable capacity to resist the nonspecific immune defenses of their human or rodent host and to proliferate in lymphatic tissues. This capacity depends on the 70-kb pYV plasmid governing, upon thermal induction, secretion of 11 anti-host proteins called Yops. Yops are secreted by a bacterial secretion pathway called the type III pathway, which is encoded by >20 genes of the pYV plasmid, called yscA-U and lcrDR (1) (2) (3) (4) (5) (6) . This pathway recognizes the Yop N-terminal domain but no signal peptide is cleaved off during secretion (7) . Secretion of YopE, YopH, YopB, and YopD also requires individual cytosolic chaperones called Syc proteins (8, 9) . Hybrid proteins made of the N-terminal domain of YopH or YopE are efficiently secreted (10, 11) .
YopE is a cytotoxin that disrupts the actin microfilament structure of cultured HeLa cells (12, 13) . YopH is a proteintyrosine-phosphatase (PTPase; EC 3.1.3.48) (14) related to eukaryotic PTPases and acting on cytosolic tyrosinephosphorylated proteins of infected macrophages (15, 16) . YopH thus acts as an unregulated PTPase that reverses the activation of protein-tyrosine kinases in the macrophage. Presumably as a result of this action, YopH inhibits bacterial uptake (17) and oxidative burst (30) by cultured macrophages. Both YopE and YopH thus contribute to some kind of
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immunosuppression by interacting with intracytoplasmic cellular targets. Yersiniae are not detected inside inflammatory or parenchymal cells of infected animals (18) , which suggests that Yops are produced by extracellular bacteria and translocated across cellular membranes. Accordingly, Rosqvist et al. (13, 19) provided genetic and microscopic evidence that in vitro, YopE is secreted by extracellular yersiniae adhering to the surface of cultured epithelial cells and translocated across the cell membrane to exert its toxic activity. Genetic data indicate that YopD plays a role in this translocation process (13, 19, 20) . Genetic data also demonstrate a role for YopD in dephosphorylation of macrophage proteins (16 (24) (25) (26) , accumulation of cAMP essentially reflects Yop internalization (Fig. 1) .
We have applied this strategy to define the secretion and internalization signals of both YopE and YopH.
MATERIALS AND METHODS Bacterial Strains and Methods. W22703(pYV227), a Y enterocolitica 0:9 wild-type strain, its yopE mutant W22703-(pGC1256), and its yopH mutant W22703(pGC1152) have been described (1) . E40(pYV40) is a fresh 0:9 isolate, biochemically identical to W22703. Plasmids pMSL41 and pAB41 are pYV40 derivatives in which mutationsyscN A169-177 (4) and kcrH16 (9) (27) was synthesized by PCR using the oligonucleotide primers MIPA 258 (5'-TAGGATCCATACACGGCTCAC-CTAT-3') and MIPA 259 (5'-ATCTGCAGTACCGGCCG-TAATTTG-3'), which introduced a BamHI restriction site at the 5' end and a Pst I site at the 3' end. This fragment was first cloned, blunt-ended, into the EcoRV site of pWSK129, then extracted by BamHI digestion and finally cloned into the BamHI site of mobilizable, medium-copy plasmid pTM100 (10), giving pMSL15. A Cla I-Pvu II fragment from pMS107 (20) containing nt 4-1197 (numbered from the ATG) of cyaA (cyaA') from B. pertussis (28) was ultimately cloned in pMSL15 downstream from yopH', giving pMSL18. Plasmid pMSL18 was linearized between yopH' and cyaA' by HindIII and Sac I digestions. The yopH' gene was then gradually and unidirectionally digested by exonuclease III to give a set of plasmids called pMSLH. The precise extent of all the deletions and the reading frame of the hybrid were determined by DNA sequencing using primer MIPA 260 (5'-GGAACATCAATGT-GGCGTT-3'), which is complementary to nt 104-122 of cyaA (28) Genetic Constructs Involving yopE. Plasmid pMSL24 is a derivative of pMSL18 in which the BamHI-Pst I fragment containing PyOpH and yopH' was replaced by a BamHI-Pst I fragment containing sycE, PyOpE, and the first 130 codons of yopE obtained from plasmid pSD2 (11) . This construct, containing a Sac I and a Hindlll restriction site at the hinge between yopE' and cyaA', allowed us to generate the set of pMSLE plasmids as described for the pMSLH plasmids. The pMSLE plasmids and the YopE-Cya hybrid proteins are designated like the pMSLH plasmids and YopH-Cya proteins. Plasmid pMS111 (20) is a pTM100 derivative containing sycE, PyopE, and the first 390 nt of yopE fused to cyaA'.
Eukaryotic Cell Growth Conditions and Assays. HeLa human cervical epithelial carcinoma cells and PU5-1.8 mouse monocyte-macrophage cells (ATCC TIB 61) were routinely grown as described (20) . To study the translocation of YopCya, cells were seeded into 24-well tissue culture dishes at a density of 4-5 x 105 cells per 1 ml of medium and per well and allowed to adhere for 20 hr. Before infection with Y enterocolitica, cells were washed and covered with RPMI 1640 supplemented only with 2 mM L-glutamine. Where needed, cytochalasin D was added to RPMI 1640 at 30 min before infection, at a final concentration of 5 ,ug/ml (stock solution was 2 mg/ml in dimethyl sulfoxide). A freshly isolated transconjugant colony was cultured overnight in brain/heart infusion at room temperature and diluted to an OD600 of 0.2 in 5 ml of the same medium. After growth with shaking at room temperature for 2 hr, bacteria were washed and suspended in saline. Samples of 100 ,lI, containing 1 colony-forming units, were added to the monolayer and the infected cultures were incubated at 37°C for 2 hr in an 8% CO2 atmosphere. Cells were washed and then were lysed in denaturing conditions (100°C for 5 min in 50 mM HCl/0.1% Triton X-100) as described by Sory and Cornelis (20) , and cAMP was assayed by an enzyme immunoassay (Biotrak; Amersham). Entry of bacteria into eukaryotic cells was quantified by the gentamicin protection assay (29) . Adherence was quantified on Giemsastained cultures (20) .
Adenylate Cyclase Activity Assay of the Hybrid Yop-Cya. Adenylate cyclase activity of bacteria-associated Yop-Cya was assayed as described (20) .
RESULTS
Calmodulin Dependence of YopE130-Cya. We first checked the calmodulin dependence of YopEI30-Cya, a hybrid adenylate cyclase containing 130 residues of YopE, encoded by pMS111. The lysate of 109 temperature-induced W22703-(pYV227)(pMS111) bacteria generated 2.6 nmol of cAMP per minute in the absence of calmodulin and 1782 nmol/min in the presence of calmodulin. A lysate of the same number of W22703(pYV227) bacteria lacking pMS111 generated only 0.6 nmol/min in the presence of calmodulin. Hence, adenylate cyclase activity was dependent on the yopE'-cyaA' genetic construct and the hybrid adenylate cyclase was strictly dependent on calmodulin for its activity.
Internalization of YopE130-Cya in the Cytosol of PU5-1.8 Macrophages. YopE130-Cya was previously shown to be translocated across the membrane of HeLa cells by recombinant Y enterocolitica adhering to the cell surface (20) . Since macrophages are more likely than epithelial cells to be the physiological Yop targets, we repeated these experiments with the PU5-1.8 mouse monocyte-macrophage cell line. We also turned to Y enterocolitica E40, a strain freshly isolated from a patient. We infected PU5-1.8 cells with recombinant E40 that was grown at room temperature in brain/heart infusion, and we assayed cAMP. The level of cAMP increased significantly in PU5-1.8 cells infected with the recombinant E40(pYV40)-(pMS111) but not in cells infected with the wild-type E40(pYV40) ( Fig. 2A..and B) . All these hybrid proteins were readily secreted as shown by SDS/PAGE analysis of culture supernatants collected after 4 hr of induction (Fig. 2B) . In these experimental conditions, the hybrids containing -47 residues of YopE appeared to be more abundant in the supernatant than the smaller ones. This could reflect differences either in secretion or in solubility and in adsorption to bacterial surfaces (7). All these proteins were enzymatically active, and an adenylate cyclase assay carried out on culture supernatants collected after only 1 hr of induction did not confirm the unequal secretion of the various hybrids by Y. enterocolitica E40 (Fig. 2C) containing 41, 48, 50, and 62 residues of YopE. All these hybrids were secreted as well as those made of YopE and Cya (data not shown), which confirmed that Cya was not involved in secretion of the hybrids.
Y enterocolitica E40 expressing each of the 10 yopE'-cyaA' recombinant plasmids were then used to infect PU5-1.8 cells and we assayed cAMP. The hybrid protein containing the N-terminal 50 residues of YopE induced the synthesis of 9.2 nmol of cAMP per milligram of protein, whereas the hybrid with the N-terminal 47 residues induced the synthesis of only 1.5 nmol of cAMP per milligram of protein (Fig. 2C) 47 and 50 residues) cannot be ascribed to a small decrease in secretion occurring by shortening of the N terminus of YopE (Fig. 2 B and C) . However, YopE 13-Cya was regularly more secreted than the other hybrids. This higher efficiency of secretion cannot be accounted for (Fig. 2 B and C) . That some hybrid YopE-Cya proteins increase intracellular cAMP while ..:. .::.
.... mmoni others do not, in spite of the fact that they are all functional, confirms that the Cya domain is unable to reach the macrophage cytosol by itself and indicates that translocation of the hybrid protein must be driven by YopE. We infer from these results that the signal governing secretion of YopE is contained within the N-terminal 15 residues, whereas the domain involved in translocation across eukaryotic membranes involves the first 50 amino acids.
Internalization of YopH"-Cya in the Cytosol of HeLa and PU5-1.8 Cells. To study translocation of YopH, we constructed Y enterocolitica E40(pYV40)(pMSLH99), producing a hybrid YopHg9-Cya protein. The lysate of 109 temperature-induced E40(pYV40)(pMSLH99) bacteria generated 4.4 nmol of cAMP per minute in the absence of calmodulin and 759 nmol/min in the presence of calmodulin. Infection of HeLa cells with this recombinant strain induced the synthesis of 4.6 ± 0.8 nmol of cAMP per milligram of protein, whereas infection with wild-type yersiniae led to only 0.008 nmol/mg. The experiment was influenced only slightly by cytochalasin D (1.1 ± 0.2 nmol of cAMP per milligram of protein) while cell invasion by yersiniae was reduced by a factor of >2000. YopH-Cya was thus internalized into the cytosol of HeLa cells and this occurred independently of the entry of bacteria themselves. PU5-1.8 macrophages also synthesized cAMP in response to infection by the same recombinant strain (Table 1) . Mutations in yscN, blocking the bacterial secretion system, or in 1crH, preventing YopB and YopD secretion, drastically reduced the capacity of bacteria to induce a cAMP response ( Table 1) . As for YopE translocation, cytochalasin D did not markedly affect the phenomenon (Table 2 ) and YopB and YopD could not be supplied by a coinfecting strain (data not shown).
Determination of the YopH Domain Required for Secretion and for Translocation. To localize the domain of YopH that is responsible for translocation, we constructed plasmids encoding several hybrids containing between 307 and 56 Nterminal residues of YopH. All these hybrids were efficiently secreted and presented a clear adenylate cyclase activity (Table 3) . We then analyzed their capacity to induce cAMP synthesis in PU5-1.8 macrophages. Hybrids containing 307, 293, 99, 85, and 71 residues of YopH generated significant amounts of cAMP, whereas YopH56-Cya did not (Table 3 ). In conclusion, the domain responsible for YopH translocation extends further than 56 residues and is contained within the N-terminal 71 residues of YopH. We also used SDS/PAGE to study the secretion of hybrid proteins formed between YopH and the 36 amino acids encoded by the second reading frame of cyaA'. The shortest hybrid protein of this series that was secreted only had 17 residues of YopH (data not shown). (Fig. 3) . There is no significant sequence similarity between the translocation domain of YopE and that of YopH. There is also no obvious common structural feature that could be deduced from sequence analysis. This lack of similarity may seem surprising since both proteins apparently require the same factors-YopD and YopB-for their translocation. It is, however, not unprecedented in the system: although all the Yops are exported by the same type III secretion apparatus, there is no obvious similarity among the secretion domains of all of them (7) .
The observation that a short N- Other invasive bacterial pathogens causing acute inflammatory diseases secrete proteins to ensure survival or spread inside their host. The type III secretion pathway seems to be the hallmark of this process, now well established in Yersinia and Salmonella (31, 32) and in Shigella (33) . Discovery of related genes in Pseudomonas aeruginosa (34) and in enteropathogenic Escherichia coli (35) suggests that this phenomenon is probably very basic in microbial pathogenesis. Few of the secreted proteins have been characterized so far, but it appears that at least some of them play their role in the cytosol of host target cells. The N-terminal domain of exotoxin S of Pseudomonas aeruginosa is similar to YopE, and the gene neighboring exoS encodes a small protein with striking similarity to the chaperone of YopE (34) . Moreover, exotoxin S contains a sequence similar to that of the translocation domain of YopE that we have identified here. We speculate that the ADP-ribosylase exotoxin is secreted and translocated by a process similar to that of YopE. The Yop-Cya hybrid strategy could thus be useful in the study of these related systems.
